The dynamic nature of the distribution network
challenges the stability and control of the microgrid. In this paper, a simplified simulation model of an inverter-based microgrid in the grid-connected mode is implemented in realtime on a Real-Time Digital Simulator (RTDS®). The simulation is performed fast because RTDS works in continuous sustained real-time. All components such as the inverter bridge, LC filter, coupling inductor and grid are modeled using their physical representation in standard library blocks. The inverter bridge is modeled by the assumption of ideal sources. Optimal design of the LC filter, PI controllers, and damping resistance obtained using particle swarm optimization (PSO) in the optimal nonlinear model of the grid-connected microgrid is used in the simulation model. Nonlinear time domain simulation has been carried out to assess the effectiveness of the proposed controllers under disturbance. The results show satisfactory performance with efficient damping characteristics of the microgrid considered in this study. Additionally, the effectiveness of proposed approach for optimizing different parameters and its robustness have been confirmed through the nonlinear time domain simulations. The performance of this controller has been verified in simulation using a RTDS.
Introduction
Nowadays, the power system construction has been changed in the last two decades due to a lot of challenges such as load growth, new environmental policy with a demand to reduce CO 2 emissions and the marketplace economic stresses. This has led to increase of the interest of local connection of the renewable energy sources at the distribution level. Microgrids are small electrical distribution systems that connect multiple customers to multiple distributed sources of generation and storage through power electronic inverters which provide the necessary interface [1]- [3] . Microgrids operate in both autonomous and grid-connected modes [4] - [6] . Control of microgrids in both modes has been investigated recently [7] - [9] . In the grid-connected mode, the control of the inverter is required to make the microgrid capable of regulating the active and reactive output currents, ensuring high power quality levels, and achieving relative immunity to grid perturbations. The stability of the gridconnected microgrids is affected by controller parameters and filter parameters. Different trial and error approaches to select the controller parameters and control strategies have been reported in the literature [10] - [12] . These approaches do not provide a systematic procedure to solve the controller design problem. Recently, computational intelligence algorithms such as genetic algorithm (GA) and PSO have been applied to different power system problems with impressive success [13] . Various simulation frameworks are available to study the microgrid stability. They are used to simulate the electric networks in real-time which allow the user to verify the theoretical simulation. A model resembles closely the real system and it can be set-up using the library with detailed power system component models included in the RTDS software [14] - [16] . In this paper, a code for modeling, optimization and nonlinear time domain simulation has been developed. A new technique for stability enhancement of a microgrid operating in grid-connected modes is proposed. Voltage source inverter (VSI), LC filter, coupling inductance, phase-locked loop (PLL), lines, loads, and power, current, and voltage controllers have been modeled. The design problem of different microgrid components and controllers parameters has been formulated as an optimization problem where PSO is employed to solve this design problem. Nonlinear time domain simulationbased objective functions are considered with the aim of microgrid stability enhancement in the grid-connected mode where the controller parameters, LC filter components and damping resistance are optimized. The results show the effectiveness of the proposed approach to enhance the stability of the microgrid considered. The robustness of the proposed PSO technique has been demonstrated. The performance of the proposed controller has been tested extensively in RTDS simulation.
Microgrid Modeling in Grid-connected Mode
In this study, an inverter-based grid-connected microgrid shown in Fig. 1 is presented. It includes power and current controllers, PLL, LC filter, and coupling inductance. VSI control circuit of the grid-connected mode is shown in Fig. 2 . The power controller is used to calculate the inductor reference current which represents the output reference powers. The PI current controller is aimed to minimize the error in the inductor current with respect to its reference value. Since the PI controller is operating effectively on the pseudo-stationary voltages and currents, the current control is performed in a rotational reference frame [17] . A PLL is used to provide the reference angle for the rotating frame. The measured voltage at the point of common coupling (PCC) will be transformed to the dq values using the transformation matrix as follows: 2  2  cos  cos  cos  3  3   2  2  2  sin  sin  sin  3  3  3  1  1  1  2 
where θ is the rotational frame angle used to transfer the voltages and currents from the abc to dq and vice versa.
A. Phase-Locked Loop (PLL)
The PLL form adopted in this study, shown in Fig. 3 , is based on aligning the angel of the dq transformation such that the voltage at the connection point has no q-axis component [17] . A PI regulator acts on the alignment error to set the rotation frequency. Then this frequency is used to obtain the transformation angle θ as:
B. Power Controller
The power controller shown in Fig. 4 is used to calculate the reference currents in dq forms with the aid of reference active and reactive powers. The output reference currents i * od and i * oq are calculated using the reference powers and the output dq-voltages v od and v oq as follows;
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The reference coupling inductance currents i Σ d and i Σ q can be expressed as follows;
A low-pass filter is used to remove the harmonics and noises which may be resulted from the distortion of the voltage of PCC [17] . The current controller references i * Ld and i * Lq after filtering are given as: 
where ω c is the cut-off frequency of the low-pass filter.
These two equations can be rewritten as follows;
C. Current Controller
In the grid connection mode, the current controller is essential for power quality improvement [17] . The PI current controller used in this study is shown in Fig. 5 . The voltage signal required by the inverter can be written as: 
D. LC filter and Coupling Inductance
A passive low-pass filter is used to attenuate switching frequency ripple. The filter has important dynamic effects on the system stability [18] . A passive damping resistor is added to the filter to avoid the resonance that may arise with coupling or grid inductance [18] . Assuming that the inverter input and output voltage are equal i.e. v l =v * l , the model of the output LC filter and coupling inductance can be represented as;
In the dq frame, equations (21)-(23) can be rewritten as;
where L f is the filter inductance, C f is the filter capacitance, R f is the filter resistance, R d is the damping resistance, L c is the coupling inductance, and R c is the coupling resistance.
Problem Formulation
For microgrid stability enhancement, settings of controller parameters, and filter components, must be optimized. The design problem is formulated as follows:
A. Objective Functions
In grid connected mode, the optimized parameters are 
The nonlinear time domain simulation based objective function given in (23) is used. It is also aimed to minimize J nonlinear_model in order to inject the required active and reactive powers from microgrid.
B. Problem Constraints
The problem constraints are the optimized parameter bounds as follows: 
C. Optimization problem
The overall optimization problem can be formulated as:
Subject to Constraints associated with the operation mode as given in (24)-(30). In this study, PSO is proposed to solve this optimization problem.
Particle Swarm Optimization

A. Overview
PSO is a population based stochastic optimization technique developed by Eberhart and Kennedy [19] in 1995, inspired by social behavior of bird flocking or fish schooling. The particles motion has been affected by the inertia, the personal best and the group best. The inertia is the particles tendency to move in the direction of the originally movement. The personal best is the best estimate of objective function for that particle. The group best position is the best solution represented by the swarm in any given time step. An interaction of these components generates a direction of movement corresponding to each particle for the next time step. The steps and advantages of the PSO are summarized in [20] .
B. PSO Implementation
The proposed PSO-based approach was implemented using the MATLAB code. Practically, our experience shows that the most effective parameters on PSO performance are the initial inertia weight and the maximum allowable velocity. It is worth mentioning that these parameters should be selected carefully for efficient performance of PSO. The Computational flow chart of the proposed PSO based optimal design approach is shown in Fig. 6 .
Results and Discussion
Nonlinear model is developed using a MATLAB code to study the stability of an inverter-based microgrid when it is working in grid-connected mode. The complete layout of an inverter-based DG connected in the grid-connected mode is presented. The DG unit is represented by a dc voltage source, a VSI, a series LC filter, and coupling inductance L c . The rating of the test inverter-based DG is 10KVA. The inverter is controlled to inject the real and reactive powers required by the utility. The performance of the proposed controller was tested in real-time digital simulation. In this work, the grid-connected microgrid was digitally simulated using the RTDS simulator. 
A. Nonlinear Time Domain Simulation
To evaluate the effectiveness of the proposed controller, nonlinear time domain simulation has been carried out. A step change in the injected active power has been done to check the response of the power exported to the grid using the optimal parameters. It is introduced at t=0.1sec from 5KW to 10KW. The system response and performance under this disturbance are shown in Figs. 7-10. It is clear that the system performance with the proposed controllers is stable. It can be observed that the optimal parameters make the proposed controllers capable of tracking the reference. It can be also seen that the response to the change in reference values is fast and without significant overshoot. Also, with these optimal parameters, the controller is effective. 
B. RTDS Results
A simulation model of an inverter-based microgrid in the grid-connected mode shown in Fig. 11 is implemented in real-time on a Real-Time Digital Simulator (RTDS®). A model resembles closely the real system and it can be setup using the library with detailed power system component models included in the RTDS software. It is used to simulate the electric networks in real-time which allow the user to verify the theoretical simulation. The simulation is performed fast because RTDS works in continuous sustained real-time. All components such as the inverter bridge, LC filter, coupling inductor and grid are modeled using their physical representation in standard library blocks. The inverter bridge is modeled by the assumption of ideal sources. In this section, the setup of the grid-connected model is analyzed using RTDS. Then the offline MATLAB simulation results of the system are compared with the RTDS results. The optimal controller parameters are used to check the controller performance in the real time. The stability of an inverter-based microgrid in the gridconnected mode has been checked in the RTDS environment. The response of the power exported to the grid under disturbance such as step response is checked in the RTDS. The system response and performance under this disturbance are shown in Figs. 12-13 . The real time gives more accurate results than offline simulation. To demonstrate the effectiveness and to study the robustness of the proposed controller under different conditions, several runs have been carried out with different initial populations. Comparison between MALAB AND RTDS results when injected active power stepped up from 5KW to 10KW is shown in Fig.14. The objective function convergence of grid-connected mode is shown in Fig. 15 . The objective function reaches the same value in all runs. 
Conclusion
In this paper, nonlinear model of a microgrid operating in grid-connected mode is presented. The design of controller and filter is formulated as an optimization problem. An objective function is proposed to enhance the system stability. PSO technique is employed to search for the optimal settings of the optimized parameters.
Step change in the reference power is applied to demonstrate the effectiveness of the proposed design approach. It is used to test the system capability to follow this reference power. System stability is analyzed using nonlinear time domain simulations. The results confirm the effectiveness of the proposed PSO based approach for optimizing the parameters of PI controllers and filter. The robustness of the proposed PSO technique with respect to its initial guess has been also confirmed. Real-time simulated results have confirmed the effectiveness and robustness of the proposed controller in the grid-connected during operational mode transitions. 
